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Motivation

Goldstone equivalence Longitudinal VBS
theorem > .
Hiags . .y Small fraction of the rare VBS events
995 “At high energy, longitudinal
mechanism vector bosons are analogous o ke i
to goldstone bosons” &
Massive W* ST ]
and Z bosons Long\:/l.;lsdl nal
V,V,> V.V, E_
Longitudinal
polarisation
allowed

—» New Physics ?

N [arXive

)
First steps in that direction
— Inclusive diboson joint-polarisation
— Polarisation in VBS

=> Opportunity to look for deviations



https://arxiv.org/abs/1412.8367

Previous results in ATLAS

November
2022

Inclusive WZ
joint-polarisation

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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ATLAS 5744

EXPERTMENT
Phys. Lett. B 843 (2023) 137895 CERN-EP-2022-202
DOI: 10.1016/] physletb.2023.137895 30th June 2023

Observation of gauge boson joint-polarisation states
in W*Z production from p p collisions at
Vs = 13 TeV with the ATLAS detector

The ATLAS Collaboration

Measurements o joint-polarisation states of W and Z gauge bosons in W*Z production
5 et T i ff ol orfnponds 1o o1 g iy of 139 b~ of
13TV ATLAS detector

= 0.067 £ 0.010, fir = 0.110 = 0.029, fry = 0.179 £ 0.023 and
in agreement with the next-to-leading-order Standard Model predictions.
WandZ

fn:n(mw.

with joint helicity fractions within the expected amounts of correlation. Both the joint and
individual helicity fractions are also measured separately in W*Z and W~ Z events. Inclusive
and differential cross sections for several kinematic observables sensitive to polarisation are
presented.

©2023 CERN for the
Reproduction of his 4

it of the ATLAS Collaboration.
or parts of itis allowed as specified in the CC-BY-4.0 license.
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Inclusive ZZ
joint-polarisation

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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AS S7A
ExbeRTMERT
JHEP 12 (2023) 107 CERN-EP-2023-199
DOL: 10.10074HEP12(2023)107 22nd February 2024

Evidence of pair production of longitudinally
polarised vector bosons and study of CP properties
in ZZ — 4¢ events with the ATLAS detector at
Vs =13 TeV

The ATLAS Collaboration

A study of the polarisation and CP propertics in ZZ production is presented. The used
data set corresponds to an integrated luminosity of 140 fb~" of proton-proton collisions at
e s comtd 13T SRy o ATLAS Wb L.\rbe Hadron
Collder. The 2Z sing charge
lectron o muon i Theproducton of o lngidinaly polarsed 2 boson s measared

fcance of 4.3 standard deviations, and its cross-s measured in a fducial
phase space to be 2.45 2 0.60 fb, consistent with the next-to-leading-order Standard Model
prediction. The inclus ve differential cross-section as a function of a CP-sensitive angular
observable is also measured. The results are used to constrain anomalous CP-0dd neutral
wriple gauge couplings.

©2024 CERN for h benci fthe ATLAS Cllsboraion
this article or purts of it s all edin the CC
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Inclusive WZ

joint-polarisation in
00-enriched phase space

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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EXPERTMENT
Phys. Rev. Lett. 133 (2024) 101802 CERN-EP-2024-045
DOI: 10.1103/PhysRevLet.133.101802 October 21, 2024

Studies of the energy dependence of diboson
polarization fractions and the Radiation Amplitude
Zero effect in WZ production with the ATLAS
detector

The ATLAS Collaboration

i s s O mxd) of the energy-dependence of diboson polarization fractions
inWZ — (v'C’ (L0 = e.ps) production. The data set used corresponds to an integrated
Tuminosity ol' 140 o~ of prolon proton collisions at a center-of-mass energy of 13 TeV
recorded by the ATLAS detector. Two fiducial regions with an enhanced presence of events
featuring two longi lrized bosons are defined. A non-zero fraction of events
with two longitudinally-polarized bosons is measured with an observed significance of 5.2
standard deviations in the region with 100 < p# < 200 GeV and 1.6 standard deviations
in the region with pf > 200 GeV, where pf is the transverse momentum of the Z boson.
‘This Letter also reports the first study of the Radiation Amplitude Zero effect. Events with
two transversely-polarized bosons are analyzed for the AY (£ Z) and AY (W) distributions
defined respectively as the rapidity difference between the lepton from the W boson decay and
the Z boson and the rapidity difference between the W boson and the Z boson. Significant
suppression of events near zero is observed in both distributions. Unfolded AY ((wZ) and
AY(WZ) distributions are also measured and compared to theoretical predictions.

©2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it s allowed as specified in the CC-BY-4.0 license.
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Same-sign WW VBS

single polarisation

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

SN

S SZA
ExpERTUENT
Phys. Rev. Lett. 135 (2025) 111802 CERN-EP-2025-048
DOI: 10.1103/bpin-ceql September 17, 2025

Evidence for longitudinally polarized W bosons in

the electroweak production of same-sign W boson

pairs in association with two jets in pp collisions at
/s = 13 TeV with the ATLAS detector

The ATLAS Collaboration

“This Letter reports the first evidence of electroweak production of same-sign W boson pairs
where at least one of the W bosons is longitudinally polarized and the most stringent constraint
to date for the production of two longitudinally polarized same-sign W bosons. The data
set used corresponds to an integrated luminosity of 140 b~ of proton-proton collisions
at a center-of-mass energy of 13 TeV, collected with the ATLAS detector during Run 2 of
the Large Hadron Collider. The study is performed in final states including two same-sign
Ieptons (electrons or muons), missing transverse momentum, and at least two jets with a large
invariant mass and a large rapidity difference. Two independent fits are performed targeting
theproductonofsame sign W bosons witha st one, o twolongludinally polarized W
bosons. The. nb\u d P

polarized W boson is 3.3 (4. i An observed confidence
level upper limit 045 @700 i reported on the fiducial production cross section of two
Tongitudinally polarized same-sign W bosons.

©2025 CERN for the benefit of the ATLAS Collaboration.
thisarticle or parts of it is allowed as specified in the CC-BY-40 license.

Phys. Rev. Lett. 133 (2024) 101802  Phys. Rev. Lett. 135 (2025) 111802

Phys. Lett. B 843 (2023) 137895 JHEP 12 (2023) 107

Only Run 2 results


https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
https://link.springer.com/article/10.1007/JHEP12(2023)107
https://doi.org/10.1103/PhysRevLett.133.101802
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql

NEW results (this talk)

July 2026

Inclusive ZZ
joint-polarisation
Observation of 00

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

)

SZA

EXPERTMENT
Submitted to: PRL CERN-EP-2026-191
July 15, 2026

Observation of pair production of longitudinally
polarized Z bosons in four-lepton final state with the
ATLAS detector

The ATLAS Collaboration

The production of two longitudinally polarized Z bosons is measured using proton-proton
collision data recorded by the ATLAS experiment at a center-of-mass energy V5 = 13.6 TeV
and with an integrated luminosity of 164 fb-!. The ZZ candidate events are reconstructed
using or muon pairs. The g fractions of
the Z boson pair are measured inclusivly in the fiducial phase space and also in two regions
of the four-lepton invariant mass, and the results are consistent with the Standard Model
Afier with a previous atys = 13TV, the
ation of the production of two simultancously longitudinally polarized Z bosons
with observed and expected significances of 6.5 and 5.6 standard deviations,

respectively.

©2026 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it i allowed as specified in the CC-BY-4.0 icense.

ArXiv: 2607.12879

WZ VBS
single polarisation
Evidence for Z0

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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7
EXPERTMENT
‘Submitted to: JHEP CERN-EP-2026-213

23rd July 2026

Evidence for longitudinally polarised Z bosons in
electroweak W*Z production in association with two
jets from p p collisions at s = 13 TeV and 13.6 TeV

with the ATLAS detector

The ATLAS Collaboration

and Z gauge bosons in clectroweak W*Z production

War
in association with two jts (W2 j~EW) in proton-proton collsions are presented. The data
f proton-proton

polarised Z bo e
overthe fiducial region.is fyo = 0.32£0.09, in agreement with the Standard Model prediction
at next-to-leading-order in electroweak corrections. Upper limits at 95¢% confidence level of
0.19 and 0.12 e st on the fracton of events with a W boson longitudinaly polaiscd and on

cthey: T ncgrted
fiducial eross-section per lepton flavour of 12 j~EW production at v = 13.6 TeV is
measured 0 be 7, _pw.r'vees; = 0374 20,077 (stat) £0.053 (syst.) £0.009 (lumi.) iy
where £ and ¢ are either an electron or a muon. This measurement s in agreement with the
Standard Model expe

©2026 CERN for the benefit of the ATLAS Collaboration,
Reproduction of this aricle or parts of it i allowed as specified in the CC-BY-4.0 license.

ArXiv: 2607.20246
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https://arxiv.org/abs/2607.12879
https://arxiv.org/abs/2607.20246

What is polarisation really ?

Fundamentally quantum : spin density matrix Polarised Matrix
— Diagonal terms = “pure polarisations” element
— Off-diagonal = interferences
oo =Ly Y (1qhq)*
Aw dy Az, = C Ay A
Mg Hg
foo = poooo , Normalisation
JIT = Pt P ¥ P+ Py
= N2
for P00—— + LO0++ » c= 3 |l
— HqHgAw Az .
fT0 = P——00+ P++00 - : Averaging on quark

Tr(p) =1

polarisations




Frame choice

Polarisation = Angular variables

Frame dependence
— Natural choice is diboson rest frame
=> NOTE : Different from the helicity frame

Boson
direction




Ingredients for polarisation measurements

Method : Fit on data with polarisation templates

Discriminating variable:
— Extract as many polarisations as possible : Model independence !

— Low statistics — struggle to keep significance

Polarised templates
— Representative of higher order corrections ?

— Interference term ? Non-resonant background ?




Polarisation in ZZ inclusive

ArXiv: 2607.12879

Run 2 paper : Note : Here “L” means longitudinal
JHEP 12 (2023) 107



https://link.springer.com/article/10.1007/JHEP12(2023)107
https://arxiv.org/abs/2607.12879

Signal region composition

Very clean signature: \Ep s 000

Sigmal_ _ _ _ _ _ o _____
; qq—ZZ qq-ZZjj (VBS) ; gg—ZZ Others
' ~83% of SR events ~1% of SR events ! ~14% of SR events <2% of SR events
: q Z q q [ g Z
| |
— Fakes
| 7 | _ttz
: z : — triboson
: q Z q q : g 7
: Sherpa 2.2.16 Sherpa 2.2.14 : Sherpa 2.2.12 inclusive
I inclusive inclusive I
: Madgraph 0,1,2jet LO Madgraph LO :
L. polarised _____ _____ polarised _ ____ .'
5 Challenge : low signal events yields
~3000 (Run?2) + ~3000 (partial Run3) events

9 ~ . .
|- ~7% of SR events 400 Z,Z, polarisation events

Interference:
Inclusive — TL:~22% of SRevents =
TT:~54% of SRevents  ~1-5% Of SRevents o




Discriminating variable

Templates obtained directly from generators
> 7,7, 7.7+, Z1Z+ (T = Left + Right, undiscernable Z bosons)

Full angular information ©
=> BDT trained for LL against LT&TT
I?DT In ZZ Rest Frame
variables y
cosB+ | 7 ~ fﬁf,frime
N
cosO; i XN, 2Put
0sO* B : 7 i fl*rezs’t fran
AQup Z, rest frarnef____f: %
s e
AQau ?13«[4—7 L

Z7 rest frame

9 I | | T 1T I [N U | I T TT I T TT | gL | T 1T | T 1T I UL . |
0.2— ATLAS Simulation — Interf. —
0 181_ Vs =13.6 TeV, 164 fi' —Z7 B
L2241 Z:Z, ]
0.16F SR, shape-only Z:Z; —
0.14 -
0.12 —
0.1 14
C I I ]
0.08F .---; i' L]
0.06 - -
C et ]
0.04— - —
C _[ ]
0.02 _f= | (4
: 1 111 | 111 [ 111 | 111 | 111 | 111 | 111 | O | i“l-_ :

-1 -08-06-04-02 0 0.2 04 06 0.8 1
BDT Score



Polarisation templates

Polarised generation with MadGraph : qgZZ + qgZZjj

Reweighting (for qgZ2)

— 1D reweighting along cos0+ of

each polarised template

to

fixed order MoCaNLO polarised NLO QCD+EW

— Interference term Sherpa3 BDT distribution
(Inclusive — ¥ polarised) particte tevel
reweighted to detector level

— 2D reweighting along cos0* and A@u of
(£ polarised)

to

(Inclusive — Interference)

— Systematic from difference to
prediction from Sherpa3
at particle level

> between each
polarisation template

— NLO EW and QCD uncertainties, PDF, ...



Run 3 results

i s T owe | mea | FiLinZ2 massregions: 180 GeV < My < 240 GeV; My > 240 GeV
oo g Mgz mmer
160F Low-mass SR M Non-prompt Others

140 Post-fit 77 \ncerainty 9 ULL - 1.34 + 0.26(Stat.) + 0.1 3(SySt.) 5.1 (o) ObS. 4.1 (o) eXD

oL |
w ! Measure LL Fraction in both mass regions:

nNn Ao O ©
[ B = = .=
T

Events

s 0
% 1-21 _;)ti-ﬁ/*’ﬁi//*‘/+y-ﬁ*ﬂV+Att#-ﬁ+’r»+///;Aﬁt*v@ﬁ*/f’*/‘/#-/‘*//*//% q_j 0-2 N ATLAS [ ! |
8 8:2-1 08 06 04 02 0 02 04 06 08 B Run 3:1s = 13.6 TeV. 164 f5' E + SM Prediction ]
BDT Score B qa_>zz—)4T| . . ) i + Observed ]
o B 0.15 |~ ~ linked to Goldstone : .
wor AT e mez - equivalence theorem ' g
300 PP—ZZ-4 M ggzz [l Interf. ] _ ., . ]
High-mass SR M Non-prompt Others Ve,

o50F  Post-it 7/ Uncertainty ] O 1 - o ..0.. ]
200“ L "'.,. |
1s0p ] B .."n o ]
: ] 0.05 - e =
50 1 I~ 1
12%“:—» ; B ° . i
' T e -ﬁ/*%ﬂ)rrv-ﬂtt s Ay ,,*»/.;*y,u;ﬂ Saldba e — | : —

o g1 T Vil FRT 0 | I

Data / Pred.

1 08 06 -04 02 0 02 04 06 08
BDT Score 180 GeV < m, <240 GeV m,, > 240 GeV m, > 180 GeV



Combination with Run 2 : Observation

Combined statistical analysis with Run 2 data :
2 pu=1.22+0.21 6.50 0bs.  5.60 exp.

Main uncertainties : statistical power and lling
Contribution Relative uncertainty [ %]
Total 22
I Data statistical uncertainty 19 I
é 45 : T T T T l T T T T l T T T | l L3 T T T l T T T T I T T T T I T T T T I T L T T : TOtal SyStematiC uncertainty 9'4
S 40 B ATLAS — Run2 = MC statistical uncertainty 2.3
) = Run2:Vs=13TeV, 140 fb™ — Run 3_ . - Theoretical systematic uncertainties
35 £ Run3:Vs=13.6TeV, 164 fb" — Combination = g — ZZ interference modeling 1.0 |
30 E_ q0—ZZ-4 Stat. Only = SHERPA 3 shape difference for gG — ZZ 2.2
= 3 3 QCD scale for gg — ZZ 0.5
25 B - PDF and o, forqqg — ZZ 32
20 _E Parton shower for qg — ZZ 1.7
3 NLO EW corrections for g§ — ZZ 2.9
15 B — QCD scale for gg — 22 3.9
- 5 3 PDF and e, for gg — ZZ 0.3
10 E- B Experimental systematic uncertainties
5 = Luminosity 2.1
- | I Obs?rved | - Muons 0.7
0 . 1 1 1 1 1 i 1 1 & 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 Electrons 6'0
0 0.5 1 1.5 2 2.5 3 3.5 4 Non-prompt background 0.4

LL signal strength Pileup modeling 0.5
Triboson and ¢7Z normalizations 0.1




Lesson 1 : The importance of more templates

From 2 templates (LL vs TX) to
3 templates (LL, TT, TL)

x 2T T T T
a2 - ATLAS ----Observed 68% CL 1
18 T Run3:\s=13.6 TeV, 164 1o — Observed 95% CL
E ogszZ—s4l ---- Expected 68% CL 7
1.6 = i — Expected 95% CL  —
E + Best fit ]
14 — 2L SM Prediction —
12 & =
1 3
08 -
06 =
L | | v 1 |
0 0.5 1 15 2 2.5
uLL

~To excess in P ?

TL

“—

1 T T
| ATLAS -+ Observed 68% CL |
| Run3:Vs=13.6TeV, 164 fo! ~— Observed 95%CL |
0.8 qa—ZZ—4l ---- Expected 68% CL —
[ — Expected 95% CL |
L + Best fit ]
0.6 - 2% SM Prediction  _|
0.4 -
0.2 -
0
-0.05
— T T
1.2 ; ATLAS ---‘ObservedBB%CL;
"L Run3:Vs=136TeV, 164 fo" — Observed 95%CL |
F qg—ZZ—4l == Expected 68% CL
— Expected 95% CL 7|
U * Best fit 1
2% SM Prediction
0.8 - N
0.6 - -
0.4 - S
T PR U S BT A S AN
-0.05 0 0.05 0.1 0.15
fLL

fTT

1.2

Closer to the SM
expectation with
more templates
independently
constrained

| ATLAS

+++- Observed 68% CL__|
- Run3:Vs=13.6TeV, 164 fo! — Observed 95%CL
- gg—ZZ—4l --- Expected 68% CL -~
— Expected 95% CL |
B * Best fit B
2% SM Prediction
| |

0.2 0.4 0.6
fr



Lesson 2 : Treatment of interferences

First polarisation analysis to explicitly treat the interference term

— Interference term scaled by the fractions values
=> “Effective fractions” # spin density matrix coefficient 4, + fix + kv i frx = 1 o= — o'

VNN
— Interference term fixed
=> More conservative, spin density matrix coefficient
HLL Significance (o)
Observed Expected  Observed Expected
Scaled normalization for the interference term o~ — — — —_—
Run 3 1.34 + 0.29 1.00 +0.27 5 1 4.1 Scaled normalization for the Euced normalization for the
1nterference term 1nterference term
Run 2_ 1.09+0.29  1.00+0.27 4.3 4.2 L 0.080 + 0.017 0.080 + 0.018 0.061 = 0.002
Combined 1.22+0.21 1.00 +0.20 6.5 5.6 flowmmie 0,108 +0.028 0.110 +0.030 0.094 + 0.002
Fixed normalization for the interference term SR 0,011 £0.017 0.009 + 0.021 0.030 + 0.001
Run 3 1.35+0.31 1.00+0.30 4.5 3.6 .
Run 2 1064032 1.00£030 3.5 35 Impact mostly on uncertainties

Combined 1.21+£0.23 1.00+0.22 5.5 4.8
= ®



Polarisation in WZ VBS

ArXiv: 2607.20246

Run 2 VBS inclusive paper: Note : Here “0” means longitudinal @
JHEP 06 (2024) 192


https://arxiv.org/abs/2607.20246
https://link.springer.com/article/10.1007/JHEP06(2024)192

Signal region composition
pp — 00V jj

Signature = compromise

Signal : WZjj-EW
~13% of SR events

- e e e e e e e e e e e e e e e e e e e e e e e - e e e e e e - -

Main background : WZjj-QCD
67% of SR events

Number of events vs Reconstruction (neutrino)

Other backgrounds

— Fake leptons (6%)
— Matrix Method (data driven)

— 7Zij EW + QCD (6%)

M
Q N 3
3 H =

: |
| q q q |
[ H, I | z
| 3 z , z z [ 0.8% OF : 9 - ZZ CR
o o /ifi ' SR events
| H H .
. Sherpa30,1jLO polarised | Sherpa2.2.12/16 NLOQCD +1 4 (3'5%L+Ctlgv (2.3%)
: Sherpa2.2.12/14 0,1j LO inclusive : :0'1'2,3j (Comix & OpenLoops): —Db-
g e —WZjjin T, Tribosons (<1%)
WoZo: ~1% of SR events -
WoZ:: ~2.5% of SRevents . . .
W:Zo: ~2.5% of SR events Challenge: low signal events yields
W+Z+: ~7.2% of SR events ~650 (Run2) + ~950 (partial Run3) events

=> ~200 WZjj-EW signal events



Signal vs Background separation

3 fits, 1 template against 3 others: 00 vs others (0T +TO + TT); Wo vs Wt Zovs Z+

2 types of DNN
— WZjj-EW vs other SM backgrounds (18 varlables)

goazp ATLAS Simulat
2 V5=13TeV, 140fb™"
S 0.1F I WZji-EW
2 1 WZj-Qcb
B 0.08
2
g
£ 0.08f
E
=)
) 0.04
200
0.02} -
% 0.2 04 06 08

S.vs.BDNN s

— Target wZ polarlsatlon VS other wZ polarlsatlons (using subsets of 29 vanables)

8 ATLAS Simulat ] ATLAS Simulat g 012 ATLAS Simultion
s 04f Je=13TeV, 140fb’1 ] ® 0-12r Je=13TeV, 140fb’1 ] = V5=13Te
S o.35} | 1 WoZoil-EW = 1 WoZoi EW S 01f . W, z J!EW
° . WoZrj-EW o 01 73 WoZrj-EW =) i e WolrlPEW
o 03} | CI7H WeZgj-EW o 5 CIIWrZoEW B o.0sk £ooi WrZoli-EW
@ : (T2 WyZgji-EW @008k !Ti_ 2 WrZgjj-EW ] @ ; 2 WrZgji-EW
'® 025} | s i g I
£ o £ b S < 0.06f
g 07 00 1 gooep)  Tilmmemm o 1 2
D‘ :—‘_J‘ ] D | “]_u; {aa) D [ ]
Jots L Zoodf | e 1 2004 e
oaf . 1 | . .
= o.02f i WO g i 1 o02r ;- b, ]
3 | = Z=l
...... ) ) ) , . : . i ;i
% 02 0 06 08 % 02 04 06 08 @
Pol.0X DNN score Pol.X0 DNN score




Fit setup

Vs=13TeV +13.6 TeV

ATLAS Simulation 1 1
140fb™" + 164 fb~

1

S/VB=124

Combine DNN in Voronoi regions along S/vB 2 = _ e
e . . . 3 SN R
=> 3 Discriminating variable for 3 template fits 2 0o Taree
>o< 1D bin No. 4
6. 0.6 SIVB=0.73 1D bin No. 6

Fit simultaneously with
— /Z/-CR and b-CR 0.4 .
—Run 2 and Run 3 data 02 — Zare

" ————
< ¢ Data
g [ ATHAS . ZGEW 0 0.2 0.4 0.6 0.8 1
107 F \/5=136TeV, 1640 B Wy Z(j-EW S.vs.B DNN score
Signal Region, Post-fit Bl WZjj-QCD+INT
fyo Measurement [ Misid. leptons 2700 ) "} pam 2 | ' } Data
108 m 7z7j = ATLAS . WZj-EW e . ATEAS . EmwWZiEW
3 tZj+ VWV 2 goof V5=136TeV, 16410~ mm WZj-QCD+INT ] = V5=136TeV, 16410~ mm WZj-QCD+INT
4V L% b-CR, Post-fit [ Misid. leptons ZZ-CR, Post-it [ Misid. leptons
= . = ZzZj 3 27j
£ WZ-EW in < 500 =3 Zj+ VW -7+ VY
102 XN\ Tot. unc. B fi+V  tE+V
400 N Tot. unc. i\\\ Tot. unc.
10!
SSSSSS
100
B C 15
2qsb | i 3 7 ' ' ' B o
= = o
Frevangraaadoannneaaganadpaaadae - a by L\
E 1 o >} \\‘T&\ N g .- ; " 5 TAY \W\\W\\
Q05F ] 8 { 8
== = & 7 & o 05 : - : 055 80 300 00 800
1 2 3 4 5 6 7 8 9 10 ~1 -05 0 05 1 S

Voronoi regions b-CR BDT score m;; [GeV]



Templates Modelling

Nominal polarisation templates: Sherpa3 0,1j LO polarised (~real NLO QCD corrections)
— Shape uncertainty with alternative sample

-> uncertainty (mainly low S/vB regions)

— Shape uncertainty on Voronoi regions with fixed order calculation

by NLO EW (provided parton/particle and particle/detector level reweightings)
> uncertainty for the 4 polarisation templates

WZjj-QCD modelling : Sherpa2.2.12/16 NLO QCD + 0,1,2,3j (Comix & OpenLoops)

— Standard 7 point variation for QCD uncertainty yields very big uncertainties ( )
=> Validated in inclusive WZ VBS

— Shape uncertainty with alternative sample
-> uncertainty (mainly high S/vB regions)



Result : Evidence for Z, polarisation

5 parameter fit : agreement with SM
— Controlregions v =0.96+0.12(1.09 + 0.14), yt,7; = 1.18 £ 0.22 (1.15+ 0.22) and ptz = 1.09 +0.11 (0.97 + 0.11)

— Signal inclusive Wzjj-EW normalisation pwzjew : agreement with SM — cross section for Run3

— Z boson polarisation fraction fxo : evidence at 4.00 (expected 2.90) ] s, | 2ol

o
e

1

o5 mw = 0.374 £ 0.077 (stat.) £ 0.053 (syst.) = 0.009 (lumi.)fb

Afxo
-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006

VS=13.6TeV, 164 fb~! .
fxo uncertainty ranking - Nuis. Param. Pull

Pol. templates, NLO EW correction
Jet flavor response

08k

0.6

0.4

0.2

u
A
v

' I I ' I I ' ' J ' ' ' ' i WZjj-QCD background, QCD scale variati
ATLAS Vi-1aTev. a0t | wzii0CD scale variation M
® Data \/s=13.6TeV,164fb™" 4 scaled down to 0.74 Jet pileup p topology

Electron ID

MadGraph X X ;
- CODS/S[_'enl_' W/l‘_-h ~40% Jet energy resolution, NP |

Sherpa 3.0
MoCaNLO NLO EW
-2InA =2.3

-2InA =6.18

uncertainty Jet pileup offset, NP V

; ; T J | dellit
. - CO[? S IStent W/th WZ././ Jetn inzri:ﬁ;gr:tis:: :o:::l:sursg
inclusive measurement WZ}j-QCD background, modeling
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Uncertainties

fxo HwWzZjj—EW

Main uncertainties

Relative uncertainty [%]

— Statistically dominated

W Z37—EW Theory modelling 1.7 4.9

— W Z35j—QCD Theory modelling 1.6 5.0
W Z3j7—INT Theory modelling  <0.1 0.4

— Jets PDFs 0.3 0.7
(~NLO QCD real corrections) Eloctrons 13 16
b-tagging 0.5 0.5

| Jets 3.0 6.0

BT 0.3 0.5

Muons 0.8 0.9

Pile-up 0.5 1.9

Other backgrounds 0.8 1.3

Misid. leptons background 0.6 1.0

MC statistics 2.4 1.1

All systematics 5.3 10.2

Luminosity 0.4 1.2

Statistics 26.6 13.8

Total 27.1 17.2




Limits on fooand fox

No significant number of events post-fit for WeZo or WoeZx
=> Expected 1.30 (WoZo) and 2.66 (WoZx) against null hypothesis

95% CL upper limits:

Events

Data / Pred.

ATLAS

E /5=13.6TeV, 164107
Signal Region, Post-fit
fop measurement

Fraction Expected Observed
oo 0.21 0.12
fox 0.46 0.19

t Data g ATLAS Dard

B W,Zji-EW 0 104k o B WoZyjiEW

B Other WZ-EW VS=136TeV, 1841 WrZyHEW
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CONCLUSION



CONCLUSION

Polarisation being measured across diboson signatures

— Precision measurement in

— Becoming accessible in Vector Boson Scattering

Limited by statistics and theoretical
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Results at LEP

Only diboson process accessible for such measurements: e* e - W*W-

Single W boson polarisation measurements:
], DELPHI [arXiv: ]

=> L3 [arXiv: ], OPAL [arXiv:

Joint-polarisation measurements:
=> L3 [arXiv: ]: only correlations between bosons polarisation (decay planes)
=» DELPHI [arXiv: ]: not sensitive enoughto f,

=>» OPAL [arXiv: ]: almost 3o for f_, but tension with Standard Model

00’

prr = (67 +£8)%,

Measured

Expected

pLT = (Oi8)%a

G"T'I‘/O'tota,l

0.781 4+ 0.090 £ 0.033

0.572 £+ 0.010

OLL / Ototal

0.201 £+ 0.072 4+ 0.018

0.086 = 0.008

)OLL = (3 + 7)%

OTL /Utotal

0.018 4+ 0.147 4+ 0.038

0.342 4+ 0.016

DELPHI results

Longitudinal here noted “L”

OPAL results



https://arxiv.org/abs/hep-ex/0301027
https://arxiv.org/abs/hep-ex/0312047
https://arxiv.org/abs/0801.1235
https://arxiv.org/abs/hep-ex/0501036
https://arxiv.org/abs/0908.1023
https://arxiv.org/abs/hep-ex/0009021

ZZ event selection

4 isolated leptons with invariant masses compatible with 2 Z bosons

Leptons

Muons
Electrons

pr>5GeV, || < 2.5
Er >7GeV, |n| <2.47

Lepton selection and quadruplet formation

Lepton kinematics
Lepton separation
Low-mass £*{~ veto
Quadruplet formation

pr > 27/20 GeV for the leading and sub-leading leptons

AR;; > 0.05 for any two leptons

m;; > 5 GeV for all Same-Flavor, Opposite-Charge (SFOC) pairs
Quadruplet with the smallest |mz, — mz| + |mz, — mz|

On-shell requirements

On-shell Z boson
On-shell ZZ pair

|ml-j —mZ| < 10 GeV
mq; > 180 GeV

Signal region definition

Signal region
Low-mass signal region
High-mass signal region

The selected quadruplet contains 4 signal leptons
180 < my < 240 GeV
my; > 240 GeV




Differences with previous Run2 ZZ paper

Original Run 2 Updated Run 2
Changes of the polarization modeling
gg — ZZ treatment Signal Background
Interference modeling Prediction from MoCaNLO Prediction from SHERPA 3

qq — ZZ modeling uncertainties

NLO reweighting observable choice
and residual non-closure

SHERPA 3 shape difference

Change of results
Expected LL signal strength 1.00 + 0.27 1.00 £ 0.27
Observed LL signal strength 1.15+0.29 1.09 £ 0.29
Expected LL significance 3.8 4.2
Observed LL significance 4.3 4.3




WZ VBS event selection

Fiducial phase space

3 leptons, 2 jets, missing Er

Variable Fiducial inclusive
Variable W Zj3j—EW signal region Lepton |’I’]| < 2.5
ZZ veto Less than 4 “loose” leptons
N leptons Exactly three leptons passing the “medium” lepton selection Pr of EZ y P of EW [Gev] > 151‘ > %)%
Leading lepton pr ~ p® > 27 GeV (25 GeV in 2015) my range [GeV] |m 7 — My G| < 10
Z leptons Two same flavour oppositely charged leptons passing the “medium” lepton selection w
Mass window | M, — My| < 10 GeV mr [GeV] > 30
W lepton Remaining lepton passes the “tight” lepton selection A - gt A 2
W transverse mass mTW > 30 GeV R(EZ, EZ)’ R(EZ’ EW) >0 ) = 0.3
pr two leading jets > 40 GeV pr two leading jets [GeV] > 40
;] two leading jets < 4.5 : :
Jet multiplicity > 2 |?7.J'| two leadlng JetS <4.5
My gy <0 Jet multiplicity > 2
my; > 500 GeV o
Nb—quark =0 nj 1 nj]' < 0
AR(j, ) > 0.3




WZ DNNs variables

Symbol Description S.vs.B  Pol.00 Pol.0X Pol.X0

Event topology

Clep. Centrality of the W Z system relative to the tagging jets v

|yz —yew| Rapidity difference between Z boson and lepton from W decay ' v ' v

2z Zeppenfeld variable [77] for leptons v

Nf»ets Multiplicity of jets with pp > 25 GeV v

R;_T_rd Ratio of vectorial to scalar pp sum of jets v

quging jets

pzr‘ Transverse momentum of leading tagging jet ' v

P Transverse momentum of sub-leading tagging jet v

n]v ! Pseudorapidity of leading tagging jet v v v

n]f Pseudorapidity of sub-leading tagging jet v v v

(75]_2 Azimuthal angle of sub-leading tagging jet v

B Energy of leading tagging jet v

mj; Invariant mass of the dijet system '

Ay Pseudorapidity difference between the two tagging jets ' v ' v

i Azimuthal angle difference between the two tagging jets v v v

AR(j1,Z)  Angular separation between the leading jet and the Z boson v v v

) Average transverse momentum of the two tagging jets v

Ap’T’ Asymmetry in pr between the two tagging jets v v v

Boson kinematics

pyfv Transverse momentum of the W boson v v v v

p% Transverse momentum of the Z boson v v v

prV z Transverse momentum of the WZ system v v v v

mrlI«V z Transverse mass of the WZ system v ' v

To1 Ratio of leading to sub-leading boson p v

Lepton kinematics
Z

pé‘ Transverse momentum of leading Z lepton v v
z

pfl? Transverse momentum of second Z lepton v
w

pfr Transverse momentum of W lepton v v
Z

7% Pseudorapidity of leading Z lepton v v v v
Z

nl2 Pseudorapidity of second Z lepton v v
w

77[ Pseudorapidity of W lepton ' v ' v

ET'™ Missing transverse momentum v v

Angular and polarisation-sensitive observables

cosOw Cosine of decay angle in the W rest frame relative to the WZ rest frame v '

cos b,z Cosine of decay angle in the Z rest frame relative to the WZ rest frame v v

| cos Oy Cosine of decay angle in the WZ rest frame v v v

A¢(le,lzz ) Azimuthal angle difference between leptons from the Z v v

A¢(ZW, v)  Azimuthal angle difference between lepton and neutrino from the W v v




WZ DNNs input variables distributions

A.U. (normalised to unit area)
o o o o o
n w L [6)] (o]

o
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WZ DNN modelling check

%) T T T T %) T T T T T
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WZ VBS fit result

Data

. MADGRAPH SHERPA 3.0 MoCANLO NLO EW
+ total (£ stat., £+ syst., £ lumi.)
Joo 0.000 = 0.134 (£0.134, £0.000, 4+0.000) 0.0902 £ 0.0005 0.087 £ 0.001 0.0902 £ 0.0005
fox 0.007 £ 0.151 (£0.150, +0.018, £0.001) 0.2808 £ 0.0002 0.2793 == 0.0009 0.2758 £ 0.0008
Ixo 0.324 + 0.088 (£0.086, +0.017, +0.001)  0.2758 £ 0.0003 0.274 4+ 0.001 0.2745 = 0.0008
Hw 25— BW 1.06 & 0.18 (£0.15, +£0.11, +0.01) 0.94 T9-9° 1.00 T97 —

Combined

Individual fits

Run 2

Run 3

+total (+stat., +syst., = lumi.)

foo
fox
fxo

0.000 4= 0.134 (40.134, £0.000, £0.000)
0.007 4 0.151 (£0.150, £0.018, +0.001)
0.324 £ 0.088 (£0.086, £0.017, £0.001)

0.056 + 0.091 (£0.090, 4+0.009, 40.000)
0.000 £ 0.207 (40.207, 40.000, +0.000)
0.411 4 0.136 (£0.134, £0.024, +0.000)

0.000 4 0.051 (£0.051, £0.000, £0.000)
0.024 £ 0.130 (£0.128, +0.022, £0.001)
0.270 £ 0.127 (£0.124, +0.028, £0.001)

Hw zZijj—EW

1.055 + 0.181 (+0.146, +0.108, +0.013)

1.037 £ 0.236 (£0.204, £0.118, 40.010)

1.004 + 0.252 (£0.206, +0.145, 40.024)

13 TeV
f’fwz;%—}sw
13.6 TeV
OW Zjj—EW

0.353 £ 0.061 (40.049, 40.036, +0.004)
0.393 + 0.068 (+0.054, +0.040, +0.005)

0.347 4+ 0.079 (40.068, £0.039, £0.003)

0.374 + 0.094 (40.077, +0.054, +0.009)

Fraction Expected +lo +20 +30 Observed
foo 0.21 [0.15, 0.29]  [0.08, 0.36] [0.02, 0.44] 0.12
fox 0.46 [0.35, 0.58] [0.24, 0.70] [0.13, 0.81] 0.19 @
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